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Neo 91. — Microwave spectroscopic frequency
and time standards

by Hareld Lyoxs

{(National Bureau of Standards, Washington., L. .

I. -— THE PRESENT FREQUENCY AND TIME STANDARD

The present primary standard of time is Lhe mean solar day.
The work of de Sitter, Jeffreys, H. Spencer Jones /1) and others
has shown that the day is slowly growing longer by a few milli-
seconds per century due to tidal friction and. in addition, undergoes
fluctuations of about one part in 25 million for unknown reasons.
Recent work also indicates vearly periodic variations of aboul a
part m 50 million which Munk and Miller {2} ascribe to seasonal
fluctuations in the earth’s atmospheric circulation.

The accesszibility and dissemination of these astronomical time
and frequency standards on a world-wide basis has depended on
the use of standard frequency broadeasts such as those of WV,
Doppler and other effects, occurring during {ransmission vie the
ionosphere. have imposed another hmitation on the use of thexze

slandards ‘3. Recelved frequencies may differ by one part in
4 million from those transmitted or even one in a million during

an 1011()5})1161‘1(' storm.

Il — MICROWAVE 2PECTRUM LINES

The above hmitations on astronomuical standards as well as
others. make it dezirable to look for new, invariant and reproducible
standards of time and frequency. Spectrum lines of atoms or
molecules in ficld-free regions and having very high natural ©Q
would serve as ideal standards giving a more basic unil than the
arbilrary one provided by the rotation of the earth. The Q of
absorption lines is governed by natural line width. induced emis=ion
and absorption caused by thermal radiation, Doppler broadening,
collisions between molecules and with the walls of the absorption
cell and saturation caused by disturbance of thermal equilibriuin
when too much power is incident on the cell. These factors,
except for Doppler effect. can all be considered in terms of the
quantum-mechanical uncertainty principle.  Any facltor deler-
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mining the mean life-time of a state Al will cause a line width
given by Af = 1/2=. Al, where Af iz half the line width at half
intensitv. In practice for microwave lines, natural line width iz
insignificant, while Doppler. collision and saturation broadening
play dominentroles. In the case of NH,, for the line at 23 870 Mc/s,
Doppler broadening at room Lcmperatu.ca will give a Q of abuut
300 000 while collisions and saturation usually set a limit of H0 000
to 100 000. In atomic beam techniques. collision, Doppler and
saturation broadening are all avoided giving a @ for cesium al
about 9200 Mc/s of 10 to 30 million, depending on the method of
excitation 4).  ‘Thallium would have Q's up to 90 million.
Probably the highest Q which could be reached using absorption
techniques with a gas would be about 800 000 for oxyveen. 0.
cocled to 900 K. Thiz would be the Doppler O for O, which
could probably be reached for oxveen sinece it doez not saturate
easily as compared to ammonia.

Another possibility for a standard would be nuclear electric
quadrupole lines directly excited in samples of solids 5}, These
recently discovered lines would bri dge the frequency gap between
ruartz oscillators and microwave lines using gases.

THE = MAXIMUM ACCURACY OF ATOMIC QLOCKS

Many practical factors hmit the accuracy of atomic clocks
and spectrographs. However, a basic limit, difficult to reach in
practice, is set by the thermal and shot noise present in the
equipment '6). A noise-limited resolving power, R. P., can be
defined which gives the minimum frequency difference which can
be resolved by a clock or spectrograph when limited only by noise.
For absorption techniques this is :
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powers at resonance and maximum slope of the absorption line,
respectively. The above formulas hold for both linear and square-
law detectors. The absorption coefficients of the gas and empty
waveguide are z, and o, respectively, and =, ,;,1s the minimum
detectable absorplion coefficient for the svstem. For gases like
ammonia. with the assumption of other nominal parameters, the
above formulas give figures shown in the table below

Resolving Powers

Linear Delector  Square-l.aw Detector

At resonance.......... 1.2 x 10Y 4.5 x 107
At max. slope......... 5.0 x 1012 7.4 < 100

These formulas can be combined with those for power satu-
ration {7} and coliision broadening (8) to show that. in the cases
shown at the top right and lower left of the above table, the R.P.
1s independent of Q since the effect of a broad line, caused by
high pressure. can be offset by using higher input powers without
saturating. This applies particularly to oxvgen which has magnetic
dipole spectrum lines at about 60 000 Mc¢/s. The dipole moment i3
¢o small that saturation and collision broadening are both greatly
reduced as compared to ammonia. while the intensity of the
spectrum is only about ten times weaker than ammonia. This
can be largely offset by cooling oxygen to 90° K, another
property making it rather unique as a standard. The Zeeman
effect due to the earth’s maguelic field would have to be avoided
when using oxygen.

IV. — Tar N.B.S. DEVELOPMENT PROGRAM

The National Bureau of Standards has three atomic clocks
under development with a fourth type planned. The first one
to be operated is the ammonia-regulated quartz-cryvstal clock
shown in figure 1 (9;. The method of operation is shown in figure 2
which also illustrates the principles of the cesium, atomic beam
clock now under construction (9. The clock shown in figure i
has run with a constancy of one part in 20 million for a period of
four days and nights. The large potential accuracy and simplicity
of this clock derives from its use of a quartz clock which is regulated

1



s the fact that eniy one vegulator or servo cireuit i need. A
creathv improved version is now under developinent using a much
netter quartz-ozcillator and new multiplier tubes fo supply bigher

Fig. 1. — The first NBS atomic clock using a quartz-crvstal clock
regulated by ammonia, NH;.  The ammonia is in the wave-guide absorption
cell wound in a spiral around the synchronous motor clock on top.  The
oscilloscope monitors the 3.3 line of N1T,.

rf power to the absorption cell. Figure 3 shows the third type
of clock using an atomic oscillator designed as the exact analogue
af the presenl Wheatstone-bridge quartz-clocks 7107 There iz a
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sond possibility thal this type of oscillator and clock can be built
af lower frequencies with solid samples by using the nuclear.
clectric quadrupole lines discussed above. Such a unit is being
planned. A microwave frequency divider for use with the atomic
oscillator is shown in figure 4 (10, This divider operated with an
aceuracy of al leash one part in 10 (10; in an equipment which
divided from 9000 to 3000 Me/s.  The schematic alzo indicates
how a combined divider and atomic oscillator could be built which
avoids the need for high frequency amplifier tubes. Such tubes
as well as new multipliers for these applications are shown in
figure 5. Figure 6 illustrates a precision microwave spectrograph.
essentially completed, for precise measurement of lines as secondary
standards.  This is being carried out along with a program for
compilation and publication of all known lines (11). In addition,
urther refinement of the spectrograph is being attempted in order
o provide a method for measuring the rotation of the earth
acainst a spectrwmn line, without waiting for completion of the

necessary clocks to carry out such a program.

"
§
i
i
{

VI - APPLICATIONS AND CONCLUSION

The ultimate goud of the N.B.S. program is Lo provide a speciro-
scopie standard capable of being used as & new, atonue standard
of Lime and frequency Lo replace the mean solar day and thus
to help change over all of the present arbitrary units to atomic
ones 7120 By multipiving the frequency of an alomic clock up
into Lhe millimetre bands there is a possibilify that the length
and time standards can both be baszed on one spectrum line by
making an «alomic ruler », thal is. an mterferometer driven by
the multiplied frequency from the clock. This would automatically
2ive a new, precise value for the velocity of light.  Measurements
of the rotalion of the earth would provide & new Lool for geophysi-
cists while a measurement of the mean sidereal vear seems capable
of testing whether Newtounian and atomic time arve the same to
an acenracy of at least one parl in 10 /9. This would yield
imporlant resultz for relativity theory and cosmology.

[t iz a pleasure to thank Mr. B. F. Huslen for work on the
ammmonia clock. Lo Professors €. H. Townes and P. Kusch for
sumerons discussions and help ou absorption spectrozcopy and
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Fig., 4. — Schematic illustrating the principle of the regencratis
modulator microwave [requency divider. The diagram shows, in addi-
tion, a combined [requency divider and atomic oscillator of the type shown -

in Figure 3, which requires asnplifiers only at the divided frequeney.
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atomic heam techniques, respectivelv. and to Dr. G. M. Clemenee

or dizenssion of astronomiecal time meazurements,
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Etalons spectroscopiques hyperiréquences
de fréquence et de temps

par . Lyoxs

Résumé

un dizente dans cetle élnde In précision des horloges atomiques et
Putitisation de Pabsorption des gaz par Pammoniac et Poxyveléne, winsi
que emploi de tfaisceaux atomigues utilisant le cesium ou le thalliuns, et
Vabzorption des quadreipoles nucléaires dans des solides,

On v expose des applications aux mesures de la votation de la terre,
des unilés atowiques et des éfalons de longueur et de lemps, basees sur
une rale du spectre,

Nv 62, - A radio-frequency standard capacitor to previde
minute capacitance increments
by John A, Coxxon

Suminary

In conducting o labomi,()r\' study of the capacitor elements of
I-f selective cirewits, and of themw f‘uuucm\-'lnti compensation
properties, a definite Himitalion has been found in the available
technigues Yor measuring minute <:e,1pa<'1t;11’1(:e tnerements.  The
desirability of having a standard capacitor, capable of producing
precize magnitudes of minute capacitance increments, was apparent.
This paper 1 intended to present Lhe basic analyw:al conclusions



